Natural materials, such as bone and abalone nacre, exhibit exceptional mechanical properties, a product of their intricate microstructural organization. Freeze casting is a relatively simple, inexpensive, and adaptable materials processing method to form porous ceramic scaffolds with controllable microstructural features. After infiltration of a second polymeric phase, hybrid ceramic-polymer composites can be fabricated that closely resemble the architecture and mechanical performance of natural bone and nacre. Inspired by the narwhal tusk, magnetic fields applied during freeze casting can be used to further control architectural alignment, resulting in freeze-cast materials with enhanced mechanical properties.
INTRODUCTION
Biomimetic materials are synthetic materials that mimic one or more aspects of the design, function, or properties of natural biological materials. [1] [2] [3] Many structural biological materials, such as bone and abalone nacre, have evolved exceptional mechanical properties in spite of the relatively weak material constituents that make up their composition. [1] [2] [3] Interestingly, their mechanical properties are highly anisotropic, an adaptation to the nature and magnitude of external tractions. [1] [2] [3] These properties are a product of their complex structural organization and architectural hierarchy from the nanoscale to macroscale. [1] [2] [3] A variety of materials processing methods, ranging from self-assembly [4] [5] [6] and layer-by-layer deposition 7, 8 to nanolithography 9,10 and 3-D printing, [11] [12] [13] has been explored to develop synthetic biomimetic materials. Freeze casting is a relatively simple, inexpensive, and adaptable technique to fabricate bulk porous scaffolds and hybrid composites. Deville, 14 Gutierrez et al., 15 Qian and Zhang, 16 and Li et al. 17 provide excellent reviews of general freeze casting topics, including the processing principles, materials, structures, properties, and applications. This article focuses on freeze casting as it relates to different biomimetic materials and processing modifications inspired by nature.
Freeze casting, also known as ice templating or freeze gelation, is commonly used to form a variety of polymeric, metallic, ceramic, and composite materials with excellent microstructural control.
14-17 Figure 1 shows the basic processing steps involved in freeze casting porous ceramic scaffolds and hybrid ceramic-polymer composites-the main focus of this article. First, a liquid slurry containing ceramic powders and a freezing vehicle (e.g., water) is mixed with a dispersant (e.g., surfactant) and binder (e.g., long-chain polymer), which aid in colloid dispersion and green body integrity, respectively (Fig. 1a) . Second, the liquid slurry is poured into a mold and frozen (Fig. 1b) . During solidification, particles are pushed between and trapped within the freezing vehicle as it forms columnar channels of frozen solvent crystals. Third, the frozen sample is lyophilized (or freeze dried) to sublimate the frozen liquid phase (Fig. 1c) . The resulting pores of the freeze-cast scaffolds after freeze drying are direct replicas of the frozen ice crystals.
14 Fourth, the dried green body is sintered to partially densify and strengthen the porous ceramic constructs (Fig. 1d) . The sintered scaffolds are composed of a continuous network of dense ceramic walls, surrounding interconnected channels with open porosity. 18 To fabricate hybrid composites, polymers or metals may be infiltrated into the porous ceramic scaffolds. A variety of different polymer infiltration techniques includes polymer melt immersion, 23 polymersolvent evaporation, [24] [25] [26] [27] [28] in situ polymerization, [19] [20] [21] [29] [30] [31] [32] particle centrifugation, 33 and chemical vapor deposition. [34] [35] [36] In situ polymerization is the most popular method used to impregnate porous scaffolds with polymers. In this method, a liquid monomer and catalyst are forced into the pores of a ceramic scaffold under vacuum and subsequently polymerized. Figure 1f -g show micrographs of a porous zirconia scaffold (Fig. 1f) and a hybrid zirconia-epoxy composite (Fig. 1g ) synthesized in this manner. Interpenetrating, bi-continuous composites, such as those shown in Fig. 1g , are generally stronger and tougher than composites composed of a polymer matrix containing randomly dispersed ceramic particles. 20 There are a variety of potential applications for porous ceramics and hybrid composites fabricated by freeze casting. Biomimetic materials, such as structural composites [19] [20] [21] [22] [29] [30] [31] 37, 38 that may be useful as high-performance components in industries ranging from aerospace to automotive manufacturing and potential bone replacements 12, 13, 19, 31, are most encouraging and are the primary focus of this article. Other potential applications for freeze-cast materials with complex shapes and designer microstructures include separation filters, insulators, sensors, electrodes, catalyst supports, fuel cells, and piezoelectric devices. [14] [15] [16] [17] 
MICROSTRUCTURAL CONTROL
Freeze casting is an exciting materials processing technique because it allows for precise microstructural control of porous materials with complex shapes and sizes. The theory behind freeze casting was recently explicated by Zhang et al., 60 Deville et al., [61] [62] [63] and Wegst et al., 59 where constitutional supercooling drives instabilities (or undulations) in the freezing front that lead to the nucleation and growth of uniformly distributed, interconnected ice crystals. During solidification, the thermodynamic free energy of the system governs the phenomena of particle entrapment or rejection by the approaching freezing front 59 :
where Dr 0 is the change in free energy of the system, and r ps , r pl , and r sl are the surface energies between the particle-solid, particle-liquid, and solid-liquid interfaces, respectively. If the energy of the particle-solid interface is lower than the sum of the energies at the particle-liquid and solid-liquid surfaces, then the change in the system free energy is negative (Dr 0 < 0) and the particle is entrapped. 59 If the change in the system free energy is positive (Dr 0 > 0) the particle is rejected. 59 Particle entrapment and rejection can be controlled by changing the slurry properties and freezing conditions, resulting in finely-tuned pore morphologies and microstructural features. Four different solvents commonly used in freeze casting are water, camphene, camphor-naphthalene, and tert-butyl alcohol, 14 each generating characteristic pore architectures, respectively: lamellar ( Fig. 2a) , 41 cellular (Fig. 2b ), 64 dendritic (Fig. 2c) , 65 and prismatic (Fig. 2d) . 66 Manipulating the freezing-front velocity and temperature gradient of the liquid slurry changes the spacing and thickness of the scaffold walls. 19, 67 Empirically, it was shown that lamellar wall spacing (k) decreases as the velocity (v) of the freezing-front increases (for aqueous slurries), following a power relationship:
where m is dependent on the particle size. 67 Furthermore, the size and concentration of the particles in a liquid slurry can alter the homogeneity, porosity, and surface roughness of the resulting scaffolds. Increasing the solid loading (i.e., concentration of particles) decreases the resulting scaffold porosity. 68 Decreasing the particle size generally increases the intricacy and uniformity of the microstructural features that directly replicate the tiny dendritic ice structures. 69 Other slurry properties, such as pH, viscosity, eutectic temperature, osmotic pressure, and surface tension, influence the behavior of the freezing vehicle. 58, 59, 61, 68, [70] [71] [72] [73] [74] [75] [76] Changing these properties is generally accomplished by adding various liquid modifiers. Rheological properties, such as pH and viscosity, show strong correlations to the resulting microstructure and mechanical properties of freezecast scaffolds. 58 Fu et al. 43 and Munch et al. 71 used additives, such as dioxane (Fig. 2e) , glycerol (Fig. 2f) , sucrose, sodium chloride, citric water, or ethanol, to modify the microstructures (e.g., lamellar or cellular), surface roughness (e.g., faceted or dendritic), and interlamellar bridging of freeze-cast scaffolds by changing the eutectic phase diagram of the colloidal suspensions. Our group (UCSD) (unpublished work) is investigating the effects of isopropanol, which results in elongated lamellar pores with periodic surface roughness and thick mineral bridging (Fig. 2g) . Pekor et al. 72, 73 demonstrated that soluble polymers commonly used as plasticizers, such as polyethylene glycol and polyvinyl alcohol, have a significant effect on the degree of constitutional supercooling, which affects pore size and secondary dendrite spacing. Deville et al. ; (j) hydroxyapatite with radial cooling, resulting in radially aligned pores (arrow indicates direction of temperature gradient) 49 ; (k) alumina with an electric field applied parallel to the freezing direction, resulting in dense/porous bi-layers (arrow indicates direction of electric field) 87 ; (l) titania with a magnetic field applied perpendicular to the freezing direction, resulting in pore alignment in multiple directions (arrow indicates direction of magnetic field; ice growth out of page). used zirconium acetate, a salt with unique icestructuring properties, to limit the incorporation of water molecules into growing ice crystals, resulting in faceted polyhedral structures (Fig. 2h) . Several research groups have demonstrated that sacrificial pore-formers, such as polymer beads, sponges or salts, added to the slurry before freezing and removed after lyophilization by heating or dissolving with appropriate solvents create complex pore architectures with varied morphologies (Fig. 2i) . 56, [78] [79] [80] [81] [82] Modifying the freeze conditions is another alternative to control the microstructures of freeze-cast scaffolds. Munch et al. 71 showed that patterning the freezing surface can manipulate the long-range ordering of ice lamellae by controlling the initial direction of nucleation. Deville et al. 67 and Waschkies et al. 83 used double-sided cooling to more precisely control the temperature gradient. Moon et al., 84 Macchetta et al., 49 and Koh et al. 85 demonstrated the concept of radial cooling to construct porous ceramics with radial channel alignment (Fig. 2j) . Jung et al. 44 used sequential solid loading to create titanium scaffolds with a gradient in porosity and pore sizes. Koh et al. 86 fabricated dense/porous bilayered ceramics with camphene, by freezing the bottom surface, while exposing the top surface of the slurry to air for controlled solvent evaporation. Zhang et al. 87 fabricated dense/porous bilayered ceramics by applying an electric field during freezing (Fig. 2k) . Porter et al. 88 applied a magnetic field perpendicular to the ice growth direction in a uniaxial freezing device to align lamellar microstructures in two directions: parallel to the freezing direction and the magnetic flux path (Fig. 2l) .
BIOMIMICRY Mimicking Bone and Nacre
Biomimetic materials are artificial materials that mimic the structure, function, or properties of natural biological materials. 89 Two of the most celebrated and extensively studied natural materials are bone and nacre. 2, 3 Both natural materials are lightweight structural composites composed of inorganic minerals embedded in an organic matrix. 2, 3 Many of the complex architectural features observed in bone and nacre provide them simultaneous strength and toughness, properties that are generally considered mutually exclusive. 90 Freeze casting is a unique way to fabricate synthetic architectural features that emulate the strengthening and toughening mechanisms found in a variety of natural materials. For example, Fig. 3 compares micrographs of natural bone and nacre to artificial materials fabricated by freeze casting.
Bone is composed of $67 wt.% hydroxyapatite (HA) minerals embedded in an organic matrix of type I collagen. 91 It exists in two main forms: cortical (or compact) bone and cancellous (or spongy) bone. 91 At the microstructural level, cortical bone is composed of osteons (Fig. 3a) , which consist of dense (5-10% porosity) concentrically oriented lamellar sheets that surround small vascular channels and lacuna spaces $10-50 lm in diameter. 31, 92 Cancellous bone (Fig. 3b) , on the other hand, is highly porous (75-85% porosity) and consists of trabecular struts that surround large pores $100-500 lm in diameter. 31, 93 Figure 3c shows an artificial scaffold fabricated by freeze casting on a concentrically patterned surface that reflects the natural architecture of an osteon. 19 Figure 3d shows an artificial scaffold fabricated by a modified method that combines freeze gel casting and the polymer sponge technique, mimicking the trabecular architecture of cancellous bone. 56 Nacre is composed of $95 wt.% aragonite platelets (or tiles) embedded in an organic matrix of chitin. 94 Commonly described as a ''brick-and-mortar'' structure, the aragonite platelets are ''bricks'' that are self-assembled and ''glued'' together by the chitin biopolymer matrix. 95 By freeze casting thin alumina platelets, Hunger et al. 96 showed that shear flow induced by ice growth aligns platelets with their long dimension parallel to the freezing direction. This resulted in scaffolds with nacre-like microstructures having a higher toughness, yield strength, and Young's modulus than similar scaffolds composed of spherical particles. 96 Excluding the organic matrix, nacre primarily relies on two intrinsic toughening mechanisms: mineral bridges (Fig. 3e ) and surface asperities (Fig. 3f) . 95, 97, 98 Figure 3g shows a magnified micrograph of a single mineral bridge connecting two adjacent lamellae formed during the sintering stage after freeze casting. 20 Figure 3h shows surface roughness asperities fabricated by freeze casting with the addition of sucrose. 20 As previously mentioned (refer to Fig. 2 ), the density and thickness of mineral bridges as well as the surface roughness of lamellar walls can be tailored by changing the slurry properties and freezing conditions. The organic matrix is, perhaps, the most important toughening mechanism in bone and nacre. For instance, the tensile strength in nacre (perpendicular to the layered structure) is $4.2 MPa, compared to that of deproteinized nacre having a strength of $0.33 MPa. 99 Even though the organic matrix accounts for only 5 vol.% of nacre, when it is removed the strength of nacre is reduced by $92%. 99 Similarly, the compressive strength and stiffness of cortical bone (as reported for mature bovine femur bone in the longitudinal direction) decreases from $120 MPa and $22 GPa, respectively, to $24 MPa and $9 GPa when the organic matrix is removed by deproteinization. 92 Therefore, it is no wonder several research groups focus on freeze casting and subsequent polymer infiltration to fabricate hybrid inorganic-organic composites.
Hybrid Composites
To date, Tomsia and co-workers [19] [20] [21] [22] have developed the most notable hybrid composites by freeze casting ceramic scaffolds and subsequently infiltrating metals or polymers. Artificial aluminapolymethylmethacrylate (Al 2 O 3 -PMMA) composites were shown to have lamellar and ''brick-and-mortar'' structures similar to natural nacre that range from $36 vol.% up to $80 vol.% ceramic phase. 20, 21 These composites exhibit a bending strength (up to $210 MPa) and crack growth fracture toughness (up to $32 MPa m 1/2 ) that 0 nacre (Fig. 4) . 20, 21 The superior mechanical properties observed in the artificial nacre-like composites are, in part, due to the use of high-performance engineering materials (e.g., Al 2 O 3 and PMMA), rather than the relatively weak constituents that make up nacre (i.e., aragonite and chitin). The bicontinuous interpenetrating networks of the ceramic and polymer phases, along with the anisotropic directional alignment induced by freeze casting, enhance the strength and toughness of these hybrid composites. Furthermore, chemical grafting of the PMMA to the Al 2 O 3 surfaces promoted strong covalent bonding between the two phases, which helped protect against interfacial shear and subsequent delamination. 20, 21, 30, 38 Bone Replacements Several attempts to fabricate freeze-cast scaffolds for bone replacement materials have been reported. 12, 13, 19, 31, Porous HA scaffolds developed by Deville et al. 41 have an interconnected porosity with lamellar pores 10-50 lm wide and high compressive strengths up to 145 MPa, nearly that of cortical bone (Fig. 5) . HA is an ideal material for artificial bone replacements because it is the primary mineral constituent in natural bone. Fu et al. 42 proved that freeze-cast HA with lamellar ($25 lm wide) and cellular ($100 lm in diameter) architectures are able to support the proliferation of preosteoblastic cells (MC3T3-E1) in vitro. By investigating the two types of pore architectures, it was demonstrated that the scaffolds with cellular pores showed far better cell proliferation, differentiation, and migration, suggesting that larger pores (>50 lm) are ; (h) surface roughness asperities on an artificial freeze-cast scaffold. 20 Scale bars: (a) 20 lm; (b) 250 lm; (c) 500 lm; (d) 50 lm; (e) 500 nm; (f) 500 nm; (g) 600 nm; and (h) 10 lm. Adapted from Refs. [19, 20, 56, 91, 95, 97, 103] . Fig. 4 . Crack growth fracture toughness (R-curve) of artificial brickand-mortar and lamellar composites compared to natural nacre and homogeneous nanocomposites consisting of randomly dispersed nanoparticles. All artificial composites were composed of Al 2 O 3 and PMMA. 20 Taken from Ref. [20] .
desirable for adequate bone ingrowth. 42, 100, 101 Hybrid composites are another alternative for bone replacement materials with higher strength and toughness. 19, 31 The use of a biodegradable polymer as the impregnated phase may allow the organic phase to degrade over time so that porosity is created in situ to promote new bone ingrowth.
19,31
Magnetic Freeze Casting Figure 6 shows a recent innovation of freeze casting inspired by the narwhal (Fig. 6a) . Applying an external rotating magnetic field, Porter et al. 88 developed composite ceramic scaffolds with spiraling structures (Fig. 6c ) that mimic its tusk (Fig. 6b) . Initially, small concentrations of magnetite (Fe 3 O 4 ) nanoparticles were added as magnetic attractants to aqueous slurries containing different nonmagnetic ceramic powders (i.e., HA, ZrO 2 , Al 2 O 3 , and TiO 2 ). The spiraling structures were generated by the uniaxial solidification of ice, which trapped Fe 3 O 4 nanoparticles (brown spirals seen in Fig. 6c ) attracted to the rotating magnetic field in their respective positions as ice crystals grew along the length of the cylindrical samples. By changing the magnetic field strength, rotation, and ceramic powder precursors, a variety of composite scaffolds was fabricated with different material properties and encouraging results. 88 Under a static magnetic field, TiO 2 -Fe 3 O 4 scaffolds showed homogeneous microstructural organization with enhanced strength and stiffness in directions parallel to the magnetic flux path. 88 As seen in Fig. 6d , the strength and stiffness more than doubled (in the magnetic field direction) with the addition of a static magnetic field (Fig. 6e) over identical samples fabricated with no magnetic field (Fig. 6f) . The enhanced mechanical properties arise from the directional alignment of pore channels induced by the magnetic field. 88 Potential applications for magnetic field aligned freeze casting include: spiral-reinforced structures with exceptional torsional rigidity, structural alignment of high aspect ratio nanoparticles to create ''nanobridges'' between adjacent lamellae for increased strength and toughness, or local two-dimensional and threedimensional reinforced structures, such as those described by Erb et al. 41 Taken from Ref. [41] . (c) magnetic field aligned freeze cast zirconia-magnetite (left) and alumina-magnetite (right) scaffolds before (back) and after (front) sintering-the spiraling magnetite phase (brown) was attracted to the poles of a rotating magnetic field (0.12 T, 0.05 rpm) propagating perpendicular to the freezing direction in a uniaxial freezing device; (d) representative stress-strain curves of titania-magnetite scaffolds freeze cast under two conditions: (e) static magnetic field (0.12 T) and (f) no magnetic field. The samples in (d) were compressed perpendicular to the freezing direction and parallel to the magnetic field direction. The blue arrow in (e) represents the magnetic field direction. Scale bars: 50 lm. Adapted from Refs. [88, 104, 105] .
CONCLUSIONS
Natural structural materials, such as bone and nacre, are excellent examples of how microstructure and architectural organization across multiple length scales influence mechanical properties. Mimicking the various strengthening and toughening mechanisms observed in nature led to the development of novel lightweight, high-performance materials. Freeze casting is a popular method to fabricate biomimetic materials that emulate the microstructural features of natural biological materials. Intricate microstructural control of porous scaffolds and hybrid composites is possible by altering the slurry properties and freeze conditions during the freeze casting process. Bioinspired applications for freeze casting include hybrid inorganic-organic composites for structural components that mimic nacre, porous ceramic scaffolds for bone replacements that mimic bone, and magnetic field aligned freeze casting for multidirectional alignment inspired by the narwhal tusk.
